We report on the mechanical properties of CH 3 NH 3 PbI 3 photovoltaic perovskite measured by nanoindentation. The Young's modulus (E) of the pristine sample is 20.0 6 1.5 GPa, while the hardness (H) is 1.0 6 0.1 GPa. Upon extended exposure to water vapor, both quantities decrease dramatically and the sample changes color from silver-black to yellow. Calculations based on density functional theory support this trend in the mechanical response. Chemical treatment of the degraded crystal in methylammonium iodide solution recovers the color of the pristine sample and the values of E and H within 50%. 
On the other hand, the implementation of the organometallic halide perovskites in practical applications is still hindered by several problems and primarily instability under various environmental conditions. [9] [10] [11] One of the main concerns is their extreme sensitivity to hydration in a humid environment. [12] [13] [14] [15] [16] [17] [18] [19] [20] For example, in Ref. 13 , in an ambient of relative humidity (RH) of 60%, the photoelectric efficiency reduces by 20% after only 18 h.
Both optical and infrared spectroscopies, as well as diverse structural studies of MAPbI 3 thin films, have identified PbI 2 as the ultimate product of prolonged exposure to humid air. This decomposition is believed to take place either after desorption of methylamine (CH 3 NH 2 ) and hydrogen iodide (HI) 13 or of methylammonium iodide (CH 3 NH 3 I) 19 or via formation of hydrated phases, with signatures reminiscent of the monohydrate (CH 3 NH 3 PbI 3 ÁH 2 O) 18 or the dihydrate ((CH 3 NH 3 ) 4 PbI 6 Á2H 2 O). 15, 16 Recently, specific changes in the chemical composition have been proposed, apt to reduce the tendency to incorporate water. 21 On the theoretical side, computer simulations [22] [23] [24] have mainly focused on the interaction of water (as a layer or single molecules) with the perovskite surfaces and the mechanism leading to water insertion into the bulk. Clearly, degradation induced by moisture deserves further investigation and several properties of the materials should be monitored so as to gain a comprehensive understanding.
In this paper, we present an investigation of the mechanical characteristics of MAPbI 3 -to which relatively limited attention has so far been paid [25] [26] [27] -and, in particular, to their variation under exposure to humid environments. Indeed, given that future devices will be exposed to diverse external mechanical forces (shocks, bending), characterization of the mechanical properties is undoubtedly crucial, especially to move from prototype to real large-scale applications. High volume fabrication processes-like the roll-toroll method-as well as environmental conditions and portable/flexible uses can induce cracks, plastic deformations, and delamination that can ultimately degrade the optoelectronic performances. Moreover, there is no clue on possible further detrimental effects introduced by water penetration into the material. To gain insight into this matter, we quantitatively characterized the local mechanical properties of MAPbI 3 by the nano-indentation technique in dry as well as humid conditions. An estimate of the variation of the elastic moduli induced by water insertion into the lattice was obtained with calculations based on density functional theory (DFT).
Single crystals were prepared by precipitation from a concentrated aqueous solution of hydriodic acid containing lead (II) acetate trihydrate and a respective amount of CH 3 NH 2 solution. 28 A constant 55-42 C temperature gradient was applied to the solution. Large rhombohedral-shape crystals with silver-grey facets were obtained after seven days. Crystals of typical sizes of 3-8 mm were glued with an araldite epoxy adhesive (not reacting with the MAPbI 3 specimen) on an alumina support (Figure 1(a) ) and subjected to indentation measurements. In each of them, nine indentation tests were performed (using a pyramidal Berkovich-type indenter) on a flat surface of the crystal, perpendicular to the applied force (Figure 1(b) ). The maximum displacement of every measurement was set to 1 lm. This penetration depth was confirmed by confocal microscopy analysis of every indent (Figure 1(c) ). From the load-displacement curves, using the Oliver-Pharr method, 29 both the Young's modulus E and the hardness H were extracted, as well as the energy of deformation.
In order to identify the consequences of water absorption on the mechanical properties, the crystal was kept in a normal laboratory environment of RH in the range 30%-50%, which corresponds to the operational conditions of MAPbI 3 -based devices. Indentation measurements were performed at the following time points: at the beginning of the operation on the pristine (freshly prepared) sample and after 10, 60 (called aging stage 1), 70, 90, 163, and 170 (stage 2) days of aging.
For the freshly prepared MAPbI 3 crystal, in the tetragonal structure, 20 the mean values of the Young's modulus and the hardness are 20 6 1.5 GPa and 1 6 0.1 GPa, respectively. These data present a sizable discrepancy with two previous nano-indentation measurements on the tetragonal structure, namely, 10. Based on the results discussed below, the origin of the discrepancy between these three sets of values might originate from difference in the crystal quality and age of the samples. For the sake of comparison, we notice that the results of analogous studies of PbI 2 , using the nanoindentation method, 30 are approximately 17 GPa and 0.82 GPa for the elastic modulus and the hardness along the c-axis.
DFT calculations-using the Perdew . These values were derived from the elastic constants evaluated in the Voigt-ReussHill approximation. 33, 34 Our own results for the tetragonal structure, from analogous computations 35 and using the same exchange-correlation functional as in Ref. 27 , are 16.7 GPa for E and 1.0 GPa for H. Beyond computational details, an important difference between the two calculations lies in the pseudopotentials, which include only scalar relativistic effects in Ref. 26 and also spin-orbit coupling in our scheme. 36 When exposed to humid environment, we observed a gradual color change with time: from grayish/black-typical of the fresh crystal-to colorful interference patterns showing up after a few days in visible light, and eventually, after one or more months yellowish areas became clearly visible, indicating the presence of PbI 2 .
Simultaneously, strong morphological modifications were clearly visible both in the optical microscope images (Figure 2(a) ) and in the atomic force microcopy (AFM) maps (Figure 2(b) ). The former showed spatially distinguishable surface structures extending over the entire crystal, whereas the latter revealed an increase in the local roughness of the surface with time. The surface roughness grew from 4 lm 2 in the pristine sample to 9 lm 2 of the stage 2 aged crystal. Eventually, cracks were revealed by the scanning electron microscopy (SEM) characterization of the indentation marks (Figure 2(c) ). For the sake of comparison, we recall that in Ref. 16 , uncoated thin films were observed to undergo a "smooth transformation to the byproducts," whereas the presence of cracks was detected for thin films coated with specific hole transport layers. One can expect that morphological changes in the single crystal surfaces-here observed-translate into severe changes in the mechanical properties of the material. In particular, crack propagation can be seen as a sign of progressively reduced hardness of the material with increasing water incorporation.
Quantitative characterization of the mechanical response comes again from the load-displacement curves of indentation tests performed during the exposure of the material to humidity, at the time points mentioned above. An example is given in Figure 3 . The behavior of the Young's modulus, hardness, and deformation energy as a function of time is derived from these curves measured at all time points. Figure  4 clearly shows that all these quantities decrease steadily and at a similar rate. In particular, we notice that both E and H fall to 20% of their pristine values in stage 2 aging, namely, after about 160 days.
It is interesting to note also that after 170 days the material was immersed in an oversaturated solution of methylammonium iodide in chloroform, apt to provide the evaporated components. Simultaneously, with the regeneration of the local structure of the pristine crystal-namely, with the exception of strongly damaged areas-and the reappearance of the silver-gray color, both E and H increased and could be recovered to $50% of their initial values. Otherwise, degradation would continue and the yellow color characteristic of the PbI 2 end product-although non-crystalline-becomes permanently dominant.
In order to gain some insights into the changes in the elastic moduli induced by water insertion in the tetragonal lattice of MAPbI 3 at the early stages, we have performed DFT calculations on (periodically repeated) cells with four molecular units as those of the dry samples. In this case, however, not only the optimization of the internal coordinates and cell parameters for the determination of the elastic constants but also a number of (uncorrelated) configurations so as to account-at least partially-for the orientational disorder of both methylammonium and water molecules are necessary. The initial configurations of the structural optimization runs were generated with DFT-molecular dynamics (MD) at 300-400 K. We verified that they were compatible with those observed in larger scale (periodically repeated) cells with additional (ultrashort) DFT-MD simulations run at the same temperature.
These models do not allow to simulate the destruction of the lattice, namely, the evaporation of given components and subsequent formation of holes in the structure, but permit to identify local deformations and especially can provide useful hints on the action of water. Figure 5 illustrates two cases, one ( Figure 5(a) ) corresponding to one water molecule per MA (water concentration of 2.3%) and the other ( Figure 5(b) ) corresponding to 1.5 water molecules per MA (water concentration of 3.5%).
As expected, strong hydrogen bonds form between the water molecules and the ammonium ions (1.65-1.80 Å ). These cause the tetragonal structure to transform into orthorhombic (with a $2% distortion) and to a decrease in the Young's modulus by $10%-15%. For increasing concentration, configurations with MA-water-MA and water-MA-water are observed ( Figure 5(b) ), and also with water-iodine hydrogen bonds ($2.5 Å ). The latter can indeed be considered as an indication of an incipient disruption of the local structure. Correspondingly, although the distortion relative to a tetragonal structure is of the same order as for the lower concentration, the Young's modulus reduces drastically, namely, by about 70%. Values of the hardness of the material are more delicate to obtain. Still, a substantial decrease is found, of the same order as that of the Young's modulus. However, we expect that the calculated effects of water incorporation on the elastic moduli are overestimated because the small size of the replicas here employed might impose an artificial constraint on the freedom of water molecules to diffuse through different layers. In order to improve the quantitative predictions, extensive simulations using larger unit cells are needed.
In summary, the degradation process of single crystals of MAPbI 3 exposed to an RH of 30%-50% was monitored on the month timescale by morphological and mechanical analysis. At the early stage of water absorption, the structure deformed locally, but at later stages, large extended defects were identified, likely due to the evaporation of CH 3 NH 2 and water, which strongly weakened the material. A steady and similar decrease in Young's modulus and hardness was found with time, down to 10%-20% of their initial values after 160 days. This trend may lead to fracture (radial and parallel cracks to the indent) and could result in device failure. On the other hand, recrystallization into MAPbI 3 can be obtained by dipping the sample into a CH 3 NH 3 I-saturated solution. This procedure partially recovered the CH 3 NH 3 PbI 3 structure and also the mechanical properties of the material locally but could not heal the extended defects. Our results on the water-induced degradation of the material towards decomposition with PbI 2 as dominant final product are consistent with available information on thin films exposed to humidity.
Preliminary DFT calculations of the variation of the crystal structural characteristics and the elastic moduli with water content at the early stages of absorption indicate how the insertion of water molecules progressively weakens the MA-iodine interactions and this reflects on the decrease in both Young's modulus and hardness. Additional simulations at larger size and time scales are however needed-and currently ongoing-to account for the intrinsic dynamic disorder of the material and water.
In conclusion, the results we presented here on the variation of the hardness and Young's modulus of MAPbI 3 single crystals are unprecedented. Extension of analogous studies to thin films-based on indentation measurements-is clearly desirable and could be achieved although with caution. Indeed, given the strong dependence of the mechanical response on the sample quality, indentation could serve as an easy and rapid test of the stage of the hydration-induced degradation of the devices. 
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